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SOME MEASUREMENTS OF PROMPT-NEUTRON
FISSION YIELD (Vp) IN THERMAL-NEUTRON
FISSION OF 232U, ¥38py, 2Py, 2! Am,
242mMp 283Gy 245Cm, AND IN
SPONTANEOUS FISSION OF 2**Cm

by

A. H. Jaffey and J. L. Lerner

ABSTRACT

The prompt-neutron fission yield (Vp) has been meas-
ured in thermal-neutron fission of 2331, (238Py; e 2L
E e N 2 e m; 2%5GCm, and in the spontaneous fission of G
These have been measured by comparison with 77p—va1ues of
the standards 2*°U, 2351, 239py, and 252G A coincidence method
was used, with fission fragments detected in an ionization
chamber at close to 100% efficiency, and with fission neutrons
detected using four symmetrically placed ZnS(Ag)-methyl meth-
acrylate discs (Hornyak buttons). A small variation of neutron-
detection efficiency with fission-neutron spectrum differences
was calibrated with the four standard nuclides. The measured
values of Up are: 2U, 3.130 + 0.060; 238py, 2.895 + 0.027; **'Pu,
2874 + 0.015; 2Am, 3.219 *+ 0.038; *#™Am, 3.264 £ 0.024;
243G 3.430 £ 0.047; 25Cm), 3.832 £ 0.034; ***Cm, 2.692 + 0.024.

1. INTRODUCTION

The measurement of average neutron yields (V) from thermal-
neutron fission was originally motivated by the need for accurate values in
chain-reaction design. Indeed, the most accurate and careful measurements
have been made with those nuclides of interest for use in nuclear reactors
(233U, ZSSU’ 239Pu, and Z“Pu).*

However, p-values are also of interest in that they are a measure
of the average excitation energy left in fission fragments after fission
occurs. Any systematic consideration of the variation of fission properties
over the (A, Z) range of the heavy elements must account for the V-variation.

*Though not of interest for reactor use, the spontaneously fissioning 252Cf has also been extensively investigated
because it is a useful primary standard; it has a high specific neutron-emission rate without the complication
of requiring incident neutron beams.
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i 7-values
We have attempted to expand the number of nuclides whose V-va

i for some others.
heck the published values .
have been measured, and to ¢ P veluse i

i imitati
For most of these nuclides, there were limi : :
Such limitations were set either by the unavail-

or for others, by the fact that
urbing background in the ioniza-

usable in a measurement.
ability of larger amounts of some nuclides,

. i ot
too much associated a-activity created a dis 11
tion chamber. For this reason, comparative V-measurements appeared to be

most reasonable, since it seemed unlikely that absolute measurements could
be made on samples which might be <1 ug in size. The results reported are

basically comparisons of the specific neutron yield of a measu.red nuclide
with yields from standard substances whose specific neutron yields have
been measured absolutely, or at least are known quite accurately.

Relative to notation, we make the standard distinction_between v,
the average total yield of neutrons arising from fission,_ang Vps the average
yield of prompt neutrons from fission. The difference (V- ‘L/p) is the delayed-
neutron fraction, which is of interest to nuclear-reactor designers, but is of

less theoretical significance. Our method of measurement gives only ratios

of Vp- values.

“p -MEASUREMENT METHOD

25

2.1. General

For each nuclide, ;p was measured by comparison with three
nuclides whose VUp-values have been determined absolutely with good accu-
Tolcy Mk er e ERE T ) (2SR PR cases, 2°2Cf was an added standard,

The value of ¥ may be measured by counting both the number of
fissions from a sample and the emitted fast neutrons, if the neutron-detection
efficiency can be calibrated, as through the use of a fissionable nuclide of
known 7—Jp, This method has the disadvantage of requiring correction for the
background neutron counts caused by the neutron beam incident on the fis-
sionable sample. Such corrections are feasible when the fission rate of the
sample is high, so that the neutron counting rate from the sample is com-
parable to the background rate. However, if the fission activity of the sample
is limited, either because of low cross section for fission or because the
amount of available fissionable material is small, the background correction
is relatively very large and measurement accuracy suffers severely.

The coincidence method reduces the interference due to neutron
background. Neutron counts due to fission events are distinguishable since
they occur simultaneously with the detection of fission flragments. Although
the sample may cause only a small fractional increase in gross neutron
count, these neutron counts are identifiable, so that measurement may be



made with relatively good accuracy. Extraneous neutron counts are still
an interference, because they increase the accidental coincidence rate, but
this background is relatively much smaller than the gross background effect.

In the measurements to be described, the fissionable material was
mounted on a platinum plate, inserted into a gas-filled ionization chamber,
and exposed to a collimated neutron beam emerging from the thermal-
neutron column of the Argonne CP-5 reactor. The chamber served as a
fission-fragment detector and had essentially 100% efficiency with thin
samples. Near the chamber was the neutron detector, so placed as to sub-
tend as large a solid angle as possible. This detector contained several
Hornyak buttons,>! each a mixture of the scintillator ZnS(Ag) and methyl
methacrylate polymer (Lucite). Because of the great difference in output
pulse height from fast neutrons and Yy rays, the latter were easily discrimi-
nated against even when present in high intensity.

Coincidences between fission fragment and neutron counts were
measured. Since the coincidence measurement responded only to neutrons
detected within a few microseconds of the fission process, delayed neutrons
were not included; the experiment meaiured only gp, the mean prompt-
neutron yield per fission, rather than 7, the mean total neutron yield.

2.2 Gdlculation of 1_Jp from Coincidence Measurements

We consider first the simplest situation, with: (1) uniformly spread
samples, (2) uniform thermal-neutron flux across the beam, (3) constant
neutron-detection efficiency for neutrons originating anywhere in the sample,
(4) no accidental coincidences (low fission and neutron counting rates). Let

Ap = fission counting rate
AISl - neutron counting rate from sample
Ag’ = background neutron counting rate
A, = total neutron counting rate

C = coincidence counting rate

¢ = thermal-neutron flux
Oop = fission cross section

M = number of atoms of fissionable nuclide

€Ep = counting efficiency of fission-fragment detector (counts per
fission)
E N counting efficiency of neutron detector (counts per fission

neutron emitted).

11



Then

(2418)

Ap = [Moggler,

and, if €, is small enough,*
o 2.2
AS = [MopellTpe,; (2.24)
e o (2.2B)
A B a

C = [MogollFpenler: (2.3)
7 (2.4)

e =

|
=
»>
e
|
"CF
m
5

7(8) @4 en(B)

7,(B)  @p n(8)

If the efficiency ratios can be evaluated, ¥ can be calculated from the 3p
of a known nuclide. In practice, except when the beam shutter was closed
(as in spontaneous-fission measurements), most of A, was due to AE, so
(2.2A) was not a useful relation.

When sample spread, neutron flux, or neutron-detection efficiency
are not uniform, results are less simple. Thus, let

m = number of atoms per unit area = m(p,6), where p,6 are co-
ordinates over the sample area S;

® = ¢(p.6);

€ = €nlp,6);

€r = €r(p, 6).

Then (2.1)-(2.4) become

Ap =0 Epmeo dS; 2.6
F Ffs Fmé (2.6)
S —

Ap = vpoF/‘s €nme dS; (2-7)

© = .ﬁPOF‘[S EFpE,mo dS;

*See Eq. (2.16).
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i feFenm¢> ds

o= = (29)
feFm(b ds

Ag* P

If €, is constant over the sample, € reduces to (2.4) for any €p, ¢,
or m distribution. As noted in Sect. 3.2, €, was experimentally verified to
be sufficiently constant over the sample dimensions used. Since the sam-
ples were thin, €p was very close to unity in all cases, and hence was also
essentially constant.

2.3. The Relation of €n-magnitude to fp—calculation

In (2.2A) or (2.7), we have written the probability of counting a
fission neutron in the simple form gpen’ where 7y is the mean number of
fission neutrons emitted and €y is the probability that the detector creates
a countable pulse.* With a fast-neutron detector like the Hornyak button,
such simple addition of probabilities is valid only when®y, the probability
that several neutrons from the same fission simultaneously create countable
pulses, is much less than @, the probability that only one neutron does so.
This is true only when €, is small. Thus, we require that #; be negligible.**

@t may be evaluated from some simple probability considerations.

Let
€ = Prob {A neutron will create a countable pulse, if emitted in
fission};
k = number of neutrons emitted in one fission event;
# = Prob {Only one neutron creates; a countable pulse};
@n —Prob {At least one neutron creates a countable pulse};
Pj = Prob {j neutrons simultaneously create a countable pulse};

Qj(k) = Prob {j neutrons simultaneously create a countable pulse,
ifflc are emitted};

P(k) = Prob {k neutrons are emitted}.

*Eor a neutron emitted in a fission, €p is the probability of the event: (1) the neutron enters a Hornyak
button, (2) it suffers a recoil, (3) it creates a pulse at the photomultiplier output sufficiently large to count
if the recording circuit is free. The event is considered to have occurred whether or not recording actually
occurred (the event is not counted if another neutron has just been counted). We assume here that €p is
the same for the first, second, third, etc., neutrons emitted in a single fission. When this is not true
(e.g., if there is any directional correlation in successive neutron emissions), the required analysis will be
more complex, but the conclusion will remain essentially the same.

**The event "simultaneously create countable pulses" means that each neutron has separately contributed
a pulse at the photomultiplier output which is large enough for counting. However, since the pulses are
simultaneous, the combination is counted as one event.
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Since @, = @, +Pt, the use of the product Up€n in (2.2A) is appTo-
priate when @, £ @, i.e., @t <K @1.

Then, with K the maximum number of neutrons emitted in one
)

fission process,

K
P; = > Q;()P(k).
k=j

(2.10)

It has been noted®® that P(k) is well represented as a binomial distribution:

B}~ (f)pk(l e (21t

where p is characteristic of the fissioning nuclide, but ranges from 0.399
for 252Cf to 0.566 for ?*°Pu. The mean value of the k-distribution is

€(k) = ¥p = Kp. (2,52}

Qj(k) is the binomial
Qj(k) = () - eyl (2.13)

It is readily shown that the convolution (2.10) is the binomial
distribution

il 21

Nihenfc? S=NI8_8Prob {No neutrons create a countable pulse} =

= i2nein () = OF = 00 =12 e

n

@, =1 —[I—pe]‘K = er—:[l - Kgl p€+e.,]

K-1 5t 1= il
> P€] = Vp€[1 - ZVpE + §p€]. (@115)

'57/6[1_

For two nuclides with (K%, €', p') and (K", €",p"),

P! it
o vle

it o= O Dial i o
71 " T [1-a], . (2.16)



where
B 1| ¥, e
a = > P'G' e 2 p"€" - % 'UF')€'-VI';€"] + ’IZ‘[P"€"—P'€']- (2'17)
Since* €' = g,
a = ze{lvp-vpl+ [p"-p'l: (2.18)

Taking maximum differences, and with € & 5% 107, fnax <
%(5x10'4)[1.5 +0.17] = 4x 10~%, o is much smaller than the experimental
error and hence may be neglected. This would not be true, however, it
€ exceeded 1%.**

3. MEASURING APPARATUS
3.1. General

An ionization chamber containing the fissionable sample was placed
just outside a thermal column of the Argonne CP-5 reactor. Thermal
neutrons were directed into a beam with a collimator placed within the
thermal column (see Fig. 3.1). Some of the graphite in back of the colli-
mator was removed in order to increase the thermal-neutron flux ¢. This
inevitably raised the fast-neutron flux, hence the background in the neutron
detector, but was unavoidable in view of the need for a higher value of ¢.
The collimator was split and a 3i_in.-thick aluminum-canned bismuth ab-
sorber placed between the two sections. This served greatly to decrease
the y-ray flux passing through the collimator hole, with only a correspond-
ing fivefold decrease in thermal-neutron flux. The ionization chamber was
positioned so that the beam axis was perpendicular to the sample disc.

Although it was not necessary that the flux ¢ be uniform over the
sample if €4 was, exploration with a small source showed ¢ to vary by
< 4% within an area of 10-mm radius and by <13% over an area of

16-mm radius.

*To the same order of approximation, results are similar if P(K) is taken to be Poisson with mean &K = Gp,
The dominant term [GI" - \TI‘,'] in (2.18) remains, but the smaller term [p" = p'] is absent.

** This analysis is applicable when the neutron detector is such that there is little delay between the time that
a fast neutron is incident on the detector and the neutron is counted. Then two neutrons from the same
fission event cannot be counted separately. However, in some neutron counters with moderators and thermal-
neutron detectors, this delay may not be small. In such a counter, the several neutrons from the same fission
approach thermalization at different rates and hence are countable at different times, Only a time overlap
within a counter deadtime prevents the counting of each neutron that is slowed down. If the deadtime is
small relative to slowing -down time, there may be little overlap in such counters even when the neutron=
detection efficiency is very high. An overlap calculation analogous to the one described here must include
a folding-in of the slowing-down probability distribution and the influence of counter deadtime.

15
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Thermal

Neutron f
Mounting

Beom % Cup

Collecting
Electrode
0.020" Al

Photomultiplier

LCoverDmve
0.020" Al

Absorber

B203 + Pb Neutron ond
Gomma Roy Absorbers

121-3909
Fig. 3.1. Neutron-beam Collimator and Detector Assembly. The bismuth
block strongly attenuated the y-ray flux at only a moderate cost
in neutron flux. The ionization chamber structure also served
as the scintillator -photomultiplier supports.

Because the inherent sensitivity of the Hornyak button is <0.01 count
per incident fission neutron, it was desired to maximize the solid angle sub-
tended by the neutron detector at the sample. The button (and photomulti-
plier) were initially placed so that the detector disc was parallel to the
sample disc and as close to it as possible. Since the variation of neutron-
detection efficiency over the sample was dominated by solid-angle variation,
such placement would also ensure the near constancy of €,, as required
by (2.9).

Such positioning, however, required that both Hornyak button and
photomultiplier be subject to the full blast of thermal neutrons, reactor fast
neutrons, and y rays emerging from the collimator. Although it proved
possible to count under these conditions, the detector was not stable enough.
The neutron-counter efficiency slowly drifted downward with increased ex-
posure time, presumably due to photomultiplier fatigue from the many small
pulses generated by the intense y-ray flux.

3.2. Constancy of €, over the Sample

In a modification of the system, both Hornyak button and photomulti-
plier were placed outside of the beam. The use of four identical neutron
detectors (see Fig. 3.1) surrounding the sample served to restore some of
the solid angle lost in the modification, and to reduce the variation of detec-
tion efficiency over the sample. Figure 3.2 illustrates the (calculated)
variation in solid angle subtended at the combination of four detectors.
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Although the sample-carrying cups (see Fig. 3.3) were such as to place
every sample plane at the same position, curve C shows that this position-
ing was not critical. Curves A and B show that the solid angle varied less
than 1% over a sample whose radius was <5.5 mm. This constancy was
experimentally checked with measurements made with a small #52Cf source
placed at a number of positions in the sample plane. € was found to remain
constant within statistical counting error (£1%) out to a radius of 10 mm in
all directions.

1.05 T “

1.04 =

1.03 —

= #4 ¥ Fig. 3.2
oy (|
= o | cCalculated Variation in Solid Angle Subtended by
o 3 All Four Hornyak Buttons When a Point Source Was
: 1.00 (L | el Moved. Curves A and B represent points in the plane
s of the sample. Curve C shows the effect of moving
g 099 w the source perpendicular to the usual sample plane.
2 From C, it is evident that the neutron-detection

098 #2 3 efficiency was insensitive to the exact positioning

(C perpendicular of the sample plane.
097k to plane of figure) |
096 =
C
0.95 -

L peldee fop 0 ¢ i 1Ny
002 04 06 08 1.0 12 1.4 CM
Displacement of point source from center 121-3983 Rev. 1

3
N
N
N
N
N
N
N
N

Photomultiplier §

R — )\

{771 Hornyak Button J7
A i,

Teflon
Insulator —

i Thermal _ k _____ [t
Fig. 3.3 Jnemol e e s

Beom Pt Sample
Perforated ) Mount
Collector

Ionization Chamber

Counting Gos, ornyok Buffon
Inlet

Photomultiplier

121-3910

All the samples used in the 7,-measurements lay well within this
region. The areas covered varied from 1.5 to 5 mm in radius.
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3.3. Neutron Detector

ghly mixing RCA scintillator-

The Hornyak button was made by thorou : '
in the respective weight

grade ZnS(Ag) with dried ultrafine acrylic (Lucite) ;
ratio 3 to 20. Both substances were in the form of very fine powders (about

300 mesh). The mixture was molded in a die at raised temperature and pres-

sure, and then machined to the final thickness. Tests indicated that 3-‘mm-
and these were used in the experiment.*

thick crystals gave optimum results,
n against the intense beam of

This scintillator gave very good discriminatio
reactor 7y rays.

The Hornyak-button output pulses varied over a wide range of pulse
height, because: (1) for a given neutron energy, the recoil protons from the
methacrylate's hydrogen vary in energy with the recoil angle, (2) for a given
recoil-proton energy, the path length in the ZnS scintillator varies with the
distance between the point of origin of the recoil and the ZnS crystallite,

(3) fission neutrons vary over a wide range of energies,** (4) light attenua-
tion before reaching the photomultiplier depends upon the neutrons depth of
penetration into the button before forming a recoil proton.

Over the useful range (i.e., beyond the small pulse-height range
where y-ray pileup occurred), the curve of counting rate versus pulse height
dropped exponentially.” The value of €, varied with either photomultiplier
voltage or pulse-selection level. Because of this sensitivity to gain or
pulse-selection level, €, did not remain constant over a long series of meas-
urements lasting several weeks. Variation of €, was an important source of
error in this experiment. Frequentmeasurements of standard samples per-
mitted determination of a running relative efficiency calibration, which was
used to correct for €,-variation. Even with this correction, the data scatter
was larger than could be accounted for by counting statistics alone, so
errors were calculated entirely from the scatter of measured values (ex-
ternal error). In all cases, enough coincidence counts were accumulated so
that the counting error was less (and often, much less) than the scatter due
to €p-variation.

The sensitivity of a neutron detector could be varied either by ad-
justing a pulse-height selection level or by adjusting the photomultiplier
gain through high-voltage variation. The four detectors were adjusted to

This thickness gave a minimum error in the net coincidence rate. Increasing €, not only raised the true
coincidence rate through increase in A§, but also the accidental rate through increase in AE. The
minimum was a broad one, not changing much with buttons even two or three times thick.

**See, for example, Ref. 33 and Eq. (4.28).

T For typical curves, see Ref. 31.
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equal sensitivity by varying individual photomultiplier voltages until each
yielded the same counting rate from a small well-centered sample. One
pulse-selector served for the joint output.

3.4. Sensitivity of Method

Measurement sensitivity was limited by the sample size available
(or usable), by the fission cross section, and by the thermal-neutron flux ¢.
For most of the measurements, ¢ = 3 x 107 neutrons/cmz/sec, At this flux,
5 ug of a nuclide with a 100-barn fission cross section would give about
2200 fissions/min and about 3.4 coinc/min. For such a sample, considerable
counting time was needed to accumulate enough events for reasonable sta-
fistical error.

3.5. Ionization Chamber

The aluminum ionization chamber was simply constructed. The
main body also served as the supporting structure for the four scintillator-
photomultiplier assemblies (see Figs. 3.1 and 3.3). A Teflon-supported,
perforated, thin aluminum plate allowed gas flow, and served as collecting
and high-potential electrode. The aluminum sample-holding cup closed the
chamber and served as the ground-potential electrode. A mixture of argon
and 10% methane flowed slowly through the chamber after an initial rapid
flush. The neutron beam passed from left to right in both Figs. 3.1 and 3.3.

8526, Effect of & Pileup

One of the limiting factors in the sensitivity of the method was the
amount of material usable when intense @ activity was present. In order
that the fission fragment-counting efficiency be kept very close to unity, it
was always required that the fission counter have a good plateau before
measurements were made. This was not possible when the a activity was
very high, because of pulse pileup from a particles.

The allowable a activity was considerably increased when the
effective dimensions of the chamber were decreased. To avoid distorting
the electric field, only insulating materials were considered for construc-
tion of inserts. A thin-walled plastic cylinder was placed around the sam-
ple between sample plate and collector plate, reducing the effective chamber
to a cylinder 28 mm in diameter and 10 mm high. The reduced chamber size
served to decrease considerably the length of the longest a-particle tracks
(parallel to the sample plate), with only a moderate loss in the lengths of the
fission-fragment tracks. The small dimensions further improved the fission-
fragment to o-track ionization ratio since the heaviest ionization of an @
track lies near its end, whereas the fission-fragment track is most heavily
ionizing near its beginning. The plastic shield had no effect upon the meas-
ured values of € = C/AF:‘ but did increase the fission rate and background
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count of neutrons, because of the

MONOSTABLE FISSION
FISSION PULSE MULTI— : & ‘b
e Io| i R P o CemAToR 8 in-scattering of thermal neutrons by
f .
the shield, and out-scattering of fast
COINCIDENCE | | COINCIDENCE reactor neutrons.
MIXER SCALER
.
3.7. Circuitry. Resolution Losses
MONOSTABLE
E NEUTRON . .
neutaon || awpurer || dmewr H MU A block diagram of the cir-
ECTOR > = = . o
oL e e cuitry is shown in Fig. 3.4. The fixed
121-4553 deadtimes of the multivibrators ex-

A T e ceeded those of the scalers (6, > 6;,
i irculr 2

o 63 > B4), so that scaler deadtimes for
The coincidence rates were so low that the

singles counts were irrelevant.
With the notation of Sect. 2, in-

deadtime losses due to 05 were negligible.
clusion of deadtimes changes (2.1), (2.3), and (2.4) to

Ap = [Mopdlep(l - F6,); (3L05)
C = [Mopdlep(l - Fo)[ Foep)ll - AR ]; (3.2)
¢ = C/Ap = Pyeq(l - AD6). (3.3)

Since A,60; was always less than 8 x 107%, the correction term
(1 - AB8;) was neglected, and the measured €@-values were taken to be re-
lated to 7, and €, as in (2.4). The modest deadtime losses in the fission
counter thus had no effect except to change the distribution of coincidence
counts from a Poisson distribution to one with a somewhat smaller ratio
of (standard deviation)?/mean.*

3.8. Coincidence Time

The coincidence time T was adjustable and was set at the minimum
value that would allow counting of all true coincidences. The value of T,
approximately 1.8 usec, was empirically calibrated to good precision, since
its value was used in correcting for accidental coincidences.

T was evaluated by the following method:

& AR 2357 sample was counted in the usual way, yielding values
(hi {0 Ap, and An'

b.  Amnother 2*°U sample was fastened to the back of the same sample
cup and hence very close to the other sample. The neutron-counting effi-
ciency was thus the same as for the first sample, but being outside the
chamber, it provided no fission-fragment counts. A measurement from

* 7
Although this changed the usual (Poisson) calculation of "error = [number of counts]1/2," the change had
no effect upon final error calculations, since these were based entirely upon data scatter,



both samples together yielded values C', Af, and A}. Since the second
sample was larger than the first, A} was larger than A, and arose mostly
from noncoincident counts.

Then:
C = Ape 7, + 2TADAR; (3.4)
C' = Ape,7, + 2TAD Ag, (3.5)

where ZTAI,I?AF represents the accidental coincidences arising from un-
correlated fission and neutron counts.*

Then
ko, &
RRS A,
e (3.6)
Bt B
An & An
1
Now AS D A151’ = AIS.1 , so that, very closely,
BI
A2 =AY - AD (3.7)
and
c <
L A
F F
2T = ———. 3.8
s : (3.8)

3.9. Standard Samples

The standard samples were prepared in the same manner as the
unknowns (see Sect. 5). The isotopic compositions of the %Py, #°U, and
233 samples are shownin Table 3.1: the 2°2Cf composition is given in

TABLE 3.1. Isotopic Compositions of the Standard Samples of 239py, 235y, and 23U

Z!?Pu ZZSU Z]JU
Atom Atom Atom
Isotope Percent Isotope Percent Isotope Percent
29py 100.00 Cilgaf 1.095 + 0.004 o 98.22 + 0.01
#0py £0.008 25y 93.44 + 0.02 i 0.137 + 0.001
236yy 0.0054 + 0.0003 20 0.019 * 0.001
Ridys 5.46 + 0.02 Gl 1.62 + 0.01

*Snictly speaking, since only the uncorrelated events enter into the calculation of accidentals, the num-
ber of coincident events should be subtracted from A as well, i.e., the last term in (3.4) should be
2T AE(AF - AFEn\_)P). However, sinceen\-)p = 1,5 x 10~3, it may be neglected in this calculation.
The tolerable fractional error in estimating 2T is much larger than 1073,

21
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Table 4.1 below. Three to four samples were used of each standard.
Although the 2351 and #**U samples were not isotopically pure, the thermal-

fission properties were essentially those of pure samples.

4, CALCULATIONS, CORRECTIONS, AND SYSTEMATIC EFFECTS

4.1. Correction for Accidentals

Measurement yielded the coincidence rate and the singles rate from
the fission and neutron detectors. It was necessary to subtract the acci-
dental coincidences from the measured coincidence rate to yield the true
fission fragment-fission neutron coincidence rate: From (2.1), (2.2), and
(2.3), with* AL = Mog9,

AF = A°F€F; (41)
Ay = Aptoe, + A (4.2})
2 i — B
Gt = G G e A%eFenvP T ZTAn AT (4.3)
Solving for AE, we have
G e e PN
true tot B
ZTAF [
= Cioiis e 5 = G ] 4.4
€p - ZTAF 150 tot ( )
or, if Ep = 1, as was the case in this experiment,
2TAR
Ctrue = Ctot - 1 - 27Ap [An' il (4.5)
The accuracy needed in this correction was modest, since [Ctrue/caccid]

was never <6 and was usually larger.

The C-values referred to hereafter are the C
-values, as calcu-
lated from (4.5). true calcu

4.2. Correction for Neutron-detector Drift

All C/F € -values were corrected for time-dependent € n-variation
with a calibration curve based on @- values from the standards. Durmg one

*
In (4.3), the approximation Ap & Ag - AgeVy has been made, as in (3.4); see footnote, p. 21.

P
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series of measurements, samples of each of the standard materials 233U,
235y, and 239py; were counted 20 to 30 times over a period of one to two
weeks. During this time each of the standard materials suffered approxi-
mately the same distribution of €,-variation. All the €-values for, say
#3%Py, were averaged to give @y, and similarly for 23575 (@,) and 23U (G,).
The ratios (39/6’5, 0’9/(33, and (_33/55 were found to be very closely the same
over the many series of measurements, thus justifying the assumption that
the €,-variation swept over the same distribution of values for each of the
standard materials.

For each 2*?Pu @-value, the efficiency ratio Y; = (Pi/ég was evaluated,
and similarly for 2357 and ?**U @-values. For most of the series of meas-
urements, y; varied less than 3% around 1.00, although the variation in
some series was as large as £6%. A best-fitting plot of all the ¥'s against
time served as the calibration curve. Every measured C-value, standard
as well as unknown, was then corrected to values of @* = ej/Fj’ where Fj
was the calibration factor taken from the curve. In general, for C.-values
from standard samples, Pj ;é ‘\/J-, since Fj was the value taken from the
smoothed curve.

4.3. Averaging
The @¥-values for each nuclide were averagedas C* and used in

Eq. (2.5) for calculating 7p-ratios. Thus, for one nuclide, for n
measurements,

n
— 1 4
gl e 3 4.
g o 2 et. (4.6)
j=1 »
The error in @* was calculated in the usual way, with
] &
2@¥) = = ey 4.7
=(eT) ==y (e] -8y, (4.7)
JiH
and the error in the mean as
s(@*) = s(€T)/Vn. (4.8)
For an unknown nuclide, the usual relation ¥ = n - 1 holds., For

a standard nuclide, on the other hand, r was somewhat smaller thann - 1,
because of correlation effects. Correlation was introduced by the fact that
the calibration curve was in part determined by y-values from the same
standard. Such correlation is minimal when the calibration curve is
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monotonic (e.g., a straight line), and increases with the number of maxima
and minima in the curve * We used r = n -\l =icf, where f is the estimated
degrees of freedom lost (in the least-squares sense) due to the structure of
the calibration curve;** « = c/d, with d the total number of y-values used
in forming the calibration curve, and c the number of Yy-values derived from
the particular standard considered. Very conservatively f was taken as
four times the number of extrema (maxima or minima) or points of inflec-

tion in the curve.

4.4, Correction for Other Fissioning Isotopes

For most of the measurements, it was not possible to prepare
samples in which only the "unknown' nuclide was fissionable with thermal
neutrons. When other fissionable isotopes were present, correction for
their effect required that we know their 7n-values, their concentrations
relative to the "unknown' isotope, and the relative numbers of fissions

from the various isotopes.

For the isotopes X, v, w,

Cxow = €nXEpXAFX s T TR €nvawAFw; (39))

Ap = Apx + Ap, + AFyw- (4.10)
With fy = Apx/Ag, etc.,’

Bvw = Cxyw/AF = EaxTaxty + CpoTty Hley Sl (4.11)

If ng is the unknown and measurements are made relative to a standard S,
then

CXvw : €anPXfX 4 €anjpva % €nw771:>wfw (4.12)
Cs €nS¥pS €nSVpS €nS77ps :
or
- () B L (_>_ = L | )
v - e e s o [ ‘
pS  \*nx/| % fx \ens/Tpsix \€ns/¥ps fx

*
In a straight-line fit, a single Y -value has minimal effect on the local behavior of the calibration curve.
With z.m increasing number of up-and-back turns, a single y -value has less and less effect upon the distant
bek.lavxor of the fitted curve, and has more and more effect upon the local behavior.
.hls relation was based upon a theoretical analysis of simple cases and a sampling (Monte Carlo) calcula-
+tlon for several more complicated variations of a calibration curve.36
Hereafter, when the term C"i is used, it refers to the drift-corrected average value, as in Eq. (4.6).



If only two fissionable isotopes are present, this becomes

ﬁpx o E Cxv o f_v. <fn_S)er _ €nv>§Ev (4.14)
Ups Enx/ €5 fx|\énx/ Cs EnX 17ps’ :

where fv =11 - fr, If isotope v is also the standard S,

v € G Fu(le
LU R s R 03 e S ] R (4.15)
pS enx/| % x| %

The ratios (fy, f,, fy) were calculated from the known mass ratios
and the known fission cross sections for thermal neutrons.

<

4.5. Averaging Results Relative to the Three Standards

The relations (4.13)-(4.15) are useful for calculating the ratio of
ipX to 7. of the standards. If the accepted 7 -value of each standard is
entered into the corresponding ratios, three values of pr emerge. If these
are averaged, error estimation must allow for the correlation introduced
by using the same value of Cxy in each ratio. This correlation effect is
readily evaluated.

In an alternative averaging procedure, the measurements on the
standards are averaged to evaluate €,yx, and Cx . is used only once.

We let the three standards 0 ZEEN L el 239Ppy be numbered 1, 2,
and 3, and use all three €-values to calculate €,5. Thus,

& = &/, € = o/ Ty €3 = Cs/Vps (4.16)
are evaluated from the measured C-values of the standards and their known

'Dp—values. These provide independent estimates of €,x through use of
e-ratios taken from Fig. 4.1:

(7 (= (=
(e )= el<-§(>; (Eaa)h = €2<'_2—Z)‘(‘>; (enx); = €3<—23§>. (4.17)

T T T
-~ o3 Fighdl
za 1oz a Calibration Curve for Relative Neutron-detection
v ok 7 Efficiency. A preliminary_\_)p—value Vpx yields
% 100 & the mean neutron energy Ex through Eq. (4.31).
v 099} 9 The relative detection efficiency €,(X)/€,(235U)
; is then read from the curve.

1
0.95 n,clyo 1.05 1.10 115
E(X)/E L) 121-4552
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We take E,x as the average of (EnxX)1> (Enx)zs and (€nx)s. From Egq. (4.11),

we have

£ € £
1 Env\/iv\_ nw)(_&)l7 (4.18)
= e L | FnV S VIS P S ’
X = gy Sxvw <€nX><fX) b (€nX S
with €-ratios taken from Fig. 4.1. With only two isotopes,

in i e 2 <€nv>77 v]. (4.19)
€nX fX €nX €nX P

ﬁpX

Another correlation effect in error calculation applies to both
methods of averaging and is described at the end of Sect. 4.9.

4.6. Correction for a Spontaneously Fissioning Isotope

In some cases, the interfering isotope was not thermally fissionable,
but did undergo spontaneous fission. In such a case, it was possible to
correct for this isotope by measuring € with the thermal-neutron beam
absent (beam shutter closed). To calibrate the difference in €, for the
spontaneously fissionable isotope with and without the thermal-neutron
beam present. € was evaluated with a ity sample, for which the sponta-
neous fission rate greatly exceeded the rate of thermal-neutron fission
(see Table 4.1). A beam-generated €,-shift could thus be calibrated by
measuring with and without the thermal-neutron beam.

TABLE 4.1. Isotopic Composition and Fission Properties of the 292Cf Standard®

Half-life for Thermal Neutron
Spontaneous  Specific Activity from Fission Fission Activityb Spontaneous
Atom Fission (yr) Spontaneous Fission Cross Section? in Neutron Flux Fission Activity?
Percent (Ref. 32) (fissions/min/pg) (Ref. 32) [fissions/min] [fissions/min}l
29cr 88 687x 1010 0.046 1735 660 <1
B0t 207 173 x 10 185 x 10° <350 <300 0.004 x 107
251ct 7.6 - 3000 990 -
2%t 629 85.5 3.7 x 107 2.3 x 107

3In this sample [spontaneous fissions/thermal-neutron fission] > 104,
BFrom total of 1 ug of californium, in a flux g = 3 x 107 neutrons/cm2/ sec.

Twenty-six such comparisons were made during the various series
of measurements described in Sect. 6, and these averaged to

b
220, g = Clbeamonl 0,00 0.005. (4.20)
C[beam off]

We may explain the increase in,counting efficiency for fission neu-
trons when the thermal-neutron beam is turned on in the following way:



When the reactor beam hits the sample, a high flux of v rays is
scattered into the neutron detector. These gammas create many very small
pulses whose pileup is well below the selection level; however, the pileup,
in effect, creates an increased "noise level" or baseline, with larger posi-
tive and negative excursions than occur in the absence of the beam. A pulse
generated by a fission neutron has as much chance of hitting a "noise" peak
as a valley. Some neutron pulses [Type A] which are intrinsically just
below the selection level may superimpose upon a "noise'" peak and be
counted; other neutron pulses [Type B] which are intrinsically just above
the selection level may superimpose upon a "noise" valley and not be
counted. However, these two classes do not compensate for each other.
Because the pulse-height distribution drops off exponentially, there are
more Type A than Type B events; hence, the net counting rate is increased.

To calculate the correction for a spontaneously fissioning isotope,
we start with Eq. (4.11). For the spontaneous fission alone (beam off) of,
say, the v-isotope, measurement yields

e =c¢

'
v nv’pv’

(4.21)

where €], is the neutron-counter efficiency for isotope v with the neutron

‘beam off. Taking €py = RE€hy, with R in Eq. (4.20), @y is corrected to the
value it would have had if measured by itself in the thermal beam. Thus,

PR €nvPpv (4.22)
and
Cxvw = €anUprX + iy Oy + €nw7jpwa' e (4.23)

Comparing to a standard,

ipX _ (€ns Dl = 1 C _ (enw> ?pw _fﬁ] w5
77pS enx/ [fx Cs 25 va i3

With only X and v in the sample,
7 € C -f e
Lp_}s :< nS)_l_ Xve ; el (4.25)
'Ups €nX f g

For the averaging relations equivalent to Eqs. (4.18) and (4.19),

4 - f_ @ € A
e b SIES YT 0K | (LI LRy w] (4.26)
PX T enx fx €nx /fx P
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or, for only two isotopes present,

S B = Ivby 10 S i S B e"]. (4.27)
X T Ex fx x| Vv x

If Vpy is known, (4.13) or (4.14) may bevused instead of (4.24) or
(4.25); similarly, (4.18) or (4.19) may be used instead of (4.26) or (4.27).

f is calculated, as before, from the known percentage composition
of the sample, and from the known fission cross sections. On the other
hand, f,, is the measured ratio: [fission rate, beam off]/[fission rate,

beam on].

4.7. Effect of Directional Correlation between Fission Fragment and

Fission Neutrons

A potential source of systematic error arises from the known corre-
lation between the direction of fission fragments and the emitted fission
neutrons. Because of this correlation, the neutrons detected by the Hornyak
buttons come largely from those fragments which have a large velocity com-
ponent parallel to the sample plate; hence, these form the fission-fragment
pulses involved in most of the true coincidences measured.* When samples
are "thick," such fragments tend to be stopped in the sample more frequently
than fragments emitted perpendicular to the sample plate. Hence, sample
self-absorption cuts the coincidence rate more than the fission rate, with a
consequent decrease in € = C/AF.

Because of this potential error, sample-preparation methods were
designed to minimize sample self-absorption. The sample mass was small,
frequently <10 pg, and prepurified (by solvent extraction and ion exchange)
to remove nonactive solid. Spreading agents were used to improve the uni-
formity of the sample. The sample absorption effect was small, as indicated
by the very small slope of the fission plateau (fission-fragment count versus
pulse-height selection level, as in Fig. 4.2). To minimize the self-absorption
effect, the pulse-selection level used was as low as was feasible while allow-
ing adequate protection against pileup pulses from o-particle activity.
Finally, for a number of the nuclides measured (including standards), several
samples containing different amounts of the same material always gave the
same values of € = C/AF. Although this effect is important only if it differs
between unknown and standard, the simplest way of equalizing the two effects
is to make them both small.

*This effect was demonstrated experimentally. A 235y sample was placed in the chamber without a surrounding
plastic cylinder. Fission tracks (A) with a large velocity component in the sample plane were then able to
yield full ionization, whereas tracks (B) emitted close to perpendicular to the sample yielded only the ioniza-
tion from about 1 cm of track. When the fission pulse-height selection level was raised to cut the fission rate
to 60% of the plateau value, Type (B) tracks were preferentially cut out. This decreased Ap more than it did
C. The observed value of €= C/Ag correspondingly increased by 10%.



gtV T T T 4.8. Up-values for the Standards

102~ g At the present time, there is
some uncertainty as to the appropriate
absolute scale for fp—values of the
os8f- - standards. The experimental ratios
of TJ'p—values agree better than the
absolute values. The basic source

RELATIVE FISSION COUNT-RATE
o
o

094 1| of the discrepancies arises from the
= 76 55 36 unresolved differences in measured
RELATIVE PULSE SELECTION LEVEL values of 5p(252Cf). Several authors
have carefully evaluated possible
Fig. 4.2. Counting Rate Plateau in systematic effects in the various
Fission Fragment Detector measurements, but the sources of
discrepancies have not been isolated.
It seems reasonable to use a midway value, ﬂp(z"’ZCf) = 3.764.22:%° The
corresponding values for the standards are given in Table 4.2.

121-4554

TABLE 4.2. ip—values Used for the Standards

g Yp
239py 2.884 + 0.007 “EE 2.407 £ 0.005
) 2.478 + 0.007 Ry 3.764 * 0.015

Our results are presented in terms of ratios to the standard values.
The standard Vp-values are also used to calculate an overall averaged
Vp-value for the unknown. Future definitive results for 7 (3%2Cf) will shift
our reported fp-values by the relative shift from the value 3.764.

4.9. Calibration of Relative Neutron-counting-efficiency Variation with
Neutron-energy Spectrum

It is evident from Eq. (2.5) that it is necessary to know the relative
counting efficiency for fission neutrons for the various nuclides. The 77p-
measurements described here were possible only because the fission-
neutron spectra from various nuclides are very similar, so that €n(é)/€n(1§)
is close to unity. We calibrated this ratio over a wide range of fission-
neutron spectra and found the ratio not to exceed 1.03; in most cases it
was less. Avoidance of a systematic error, however, required correction
for this small effect. Some interpolation method was needed to relate the
spectral differences among the standards to those of the unknowns.

Conceptually, this is not as simple as one might hope for, since the
theory of neutron spectra is only approximate and the measurements that
have been made scatter widely. On the other hand, the correction ratios

29
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and even a crude interpolation method will

diff destly from unity,
iy Sy . he standards and de-

serve adequately to tie together observed ratios for t
rived values for the unknowns.

Over a large part of the energy range, the neutron distribution is
5 e Ly
fitted quite closely by the gamma distribution

i
1 el -

NENIE ~——c—E" s E/T 4k, (4.28)
Fi)Tf

where F(%) = lf‘\/; The mean energy value is

E - fOOEN(E) dE = 3T. (4.29)

Since the N(E) distributions almost completely overlap, the corre-
sponding E-values do not differ much. Thus the €y-values are almost the
same for various nuclides.

The relative @-values for the standard nuclides 2**U, 2°°U, 2*9Py,
and ?*?Cf were used to calibrate an €,-curve. From Eq. (2.4),

en(U) _ e (*u)/e*u)

€n(zzsU) = §p(233U)/77p(235U)~

(4.30)

The numerator on the right side is derived from the ratios averaged over
all the experiments. The denominator comes from the known experimental
values of 7 (see Table 4.2). The ratios en(®**"Pu)/en(?*®U) and e (ZEEEH)d
€n(**°U) were similarly evaluated. Experimental @-ratios and standard
Up-ratios are shown in Table 4.3, and corresponding values of €n(X)/€n(Z35U)
are listed in Wable 4.4.

The € -ratios differ slightly from unity because of moderate differ-
ences in the N(E) distributions. For purposes of interpolation, it is con-
venient to plot these ratios against ratios of the parameter characterizing

N(E it e B %T, Because experimental E-values scatter widely (see
Table 4.4), we preferred to use a semitheoretical relation:>" %859

=

E = 0.75 + 0.65(F+1)F, (4.31)
\‘zvhich approximately averages the discordant E-_results. Values are shown
in Table 4 4. Since the variation in the €, -ratio is so small, the general
validity of Eq. (4.31) or even of Eq. (4.28) is not important; only the mono-
tonicity of E with Yp determines the usefulness of the relation in forming



the calibration curve (see Fig. 4.1). In using Fig. 4.1, errors in the €,-ratio
due to uncertainty in the E-ratios were less than the experimental error in
drawing the curve.

For calculating Vp-ratios, €n-ratios were read from this curve. An
error allowance of 0.7% in the €,-ratio was made whenever Fig. 4.1 was
used for a nuclide whose 7p (hence E) was not close to that of a standard.
Otherwise, the errors in Table 4.4 were used.

TABLE 4.3. Basic Data for Calibration of
Neutron-detector Efficiency

References for

Nuclides C-ratios? fp—ratiosb ﬁp—ratio

233U

=y 1.039 + 0.002 1.030 *+ 0.004 22¢

239Pu

Ty 1.229 + 0.003 1.199 * 0.004 22¢

ZSZcf

Ty 1.591 * 0.008 1.553 * 0.019 44
1.555 + 0.013 30
1.568 + 0.008 43
1.562 * 0.013 14
1.559 + 0.004 604
1.557 + 0.007 12, 13
1.557 + 0.023 18, 49
1.562 + 0.011 45
1.563 * 0.007 6

—_—

average 1.560 * 0.002

3Averaged from values measured in all the experiments
described in Sect. 6.

bTaken from cited literature. Where 7 is given instead of
T_, correction is made for the delayed-neutron fraction.?*

CApsurvey and least-squares averaging.

dThis is a least-squares summary and includes some of
the other results cited; it is used here because it also
includes other measurements.

31
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TABLE 4.4. Ratios Used in Neutron-detector-efficiency Curve

EX) P E(X)
€aX) i T3 {(“H=1E0) B2 References for
X EN (=) (semitheoretical) Experimental Previous Column
23517 1.000 1.000 1.000
230, 1.009 + 0.005 1.006 1.031 * 0.008 38
0.958 * 0.020 54
1.018 + 0.003 8
1.015 + 0.036 58¢
1.021 * 0.005 25
2Py 1.025 + 0.004 1.041 1.038 + 0.008 38
1.040 + 0.003 8
1.085 + 0.030 2
1.041 + 0.036 58¢
1.088 + 0.047 15
1.039 + 0.002 25
e 1.020 + 0.005 1anl2 1.186 53
1.026 * 0.032 8
1.200 * 0.041 9d
1.103 + 0.050 58¢
1.121 + 0.048 15
1.189 52
&G 1.025¢€ e 2k <2 0L 0l 26

2Calculated from Eq. (4.30) from values in Table 4.3.
bCalculated from Eq. (4.31).

€A review, not an independent measurement.

dCombined with average E(®°U)-value taken from a review.
€Based upon a f/p-value off 32698

f This number was calculated by the authors, and not by Herold. We wish to thank
him for providing us with the original data, from which we made a least-squares
fit to Eq. (4.28). This gave T = 1458 + 6.2 keV or E = 2.187 * 0.009 MeV. The
fit was quite good except that from 0.5 to 0.9 MeV observations lay systemati-
cally 1 to 13 standard deviations below the fitted curve. Since no measurements
were made of E(***U), we have normalized the result to E(2u)) =195 = 0102}
The ratio is clearly higher than that expected from Eq. (4.31).

58

The use of Fig. 4.1 to provide €p-ratios for calculating (4.18) or
(4.19) introduces a correlation in evaluating the statistical error in the
final 7L—/p-value. The efficiencies €p for each standard nuclide (S;) are cal-
culated using the literature value of each 7p(S;), as in Eq. (4.16). Each
€n(Si) is then used to calculate €,(X), using Fig. 4.1. The average €p(X) is
then used to calculate Vp(X), as in Eq. (4.19). Since each Vp(Si) is used
twice, once in Eq. (4.16) and then in Eq. (4.17), a correlation is introduced
which affects the error calculation of €,(X). In every case, the quoted
error includes the effect of this correlation.

* - 5 -
Details are omitted here since the algebra is lengthy. The correlations are readily calculated by the
approximate methods used for calculating the usual propagation of errors formulae. The magnitude of the
correlation effect depends upon the relative magnitudes of the errors in &; andﬁp(Si).
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5. MEASUREMENTS

Samples were all mounted in much the same way. A small volume
of a solution containing the fissionable material was evaporated on a
25-mm-dia platinum disc of 0.05-mm thickness. In most cases, the ma-
terial had already been separated from other elements with an ion-
exchange column. Extraneous solids were minimal. Some of the standard
samples were electroplated, rather than evaporated; both kinds gave the
same values of € = C/AF. The areas of spread were kept at less than a
5-mm radius, and the average sample thickness varied from 5 to 40 pg/cmz.
Spreading agents were used to prevent clumping and to improve sample
thickness uniformity. For each sample, final proof of adequate uniformity
was achieved when measurement showed the fission-counter plateaus to be
quite flat, indicating that € was close to unity. A sample yielding a poor
plateau was dissolved, purified, and redeposited: it was not considered
acceptable unless it yielded a flat plateau.

Each platinum disc was cemented to a cup spun from thin aluminum,
taking care that the deposit (not the disc) was centered on the cup. Such a
cup, when mounted in the chamber (see Fig. 3.2), served (1) to place the
sample at the geometric center of the neutron-detector array, (2) to place
the sample at a 1-cm distance from the collecting electrode of the ioniza-
tion chamber, (3) to seal the chamber so that the slowly flowing gas could
be controlled in flow, and (4) as the second electrode of a parallel-plate ion
chamber. As a check on centering, €= C/AF was measured with the cup
rotated at various angular positions relative to the four Hornyak buttons.
Measurement continued only if @ remained constant.

Samples were counted in sequence, unknbwn samples along with
standards prepared from 239p,, 233y, 2357, and in some measurement series
252Cf  Counts of the standards served the dual purpose of allowing the com-
parison of 7p-va1ues as well as calibrating the drift in counting efficiency
of the fast-neutron detector. Because of the necessity for calibrating the
€Ep-variation, more time was devoted to counting of standards than to the
unknowns. Several samples of each standard material were used, and each
standard material was measured 15 to 30 times in a series of measurements.

The T-value of the coincidence circuit was redetermined at intervals,

but proved to be quite constant.

6. MEASUREMENTS AND RESULTS

6.1 *'Pu

Two samples were used: one (I) was formed by a high-burnup irra-
diation of 239py; the other (I1) was received from the Oak Ridge Isotope
Separation Division., The isotopic compositions of the samples at the time
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. 2 -
of the Vp-measurement are shown in Table 6.1. The *'Pu content in (I) was
corrected for decay during 1.75 yr between mass-spectrometric analysis
-

and Up-measurement, using the Oetting and Gunn half-LifelF =t i0 0=
2

0.3 yr. The uncertainty in the 241py half-life has a negligible effect on the
fp-results, because the amount of decay is <10% and because 77p of the
interfering isotope (**9Pu) is close to that of 2lpys

TABLE 6.1 Isotopic Composition and Fission Properties of 241Pu Samples

Specific Activity from  Effective Thermal

alomiGercent Half-lifel Spontaneous Fission  Spontaneous Fission Fission Cross

Sample | sample Il (yr) Half-life32 (yr) Ffissions/min/ug] Section (barn)
238y 0.0166 + 0.0008 8 5 x 1010 0,068 18.3 + 5%
2%y 533 + 0.05 262 03 24,400 788 + 58
240p 39.0 + 0.4 13.7 £ 0.2 6,580 1.34 x 101 0.025 <0.05%2
2lpy 19.8 + 0.3 50.4 + 0.4 14.03 + 0.3% 1061 + 11P
A%y U103 0.671 + 0,006 379,000 6.5 x 1010 0.05 <0.3%2
24py  0,0018 + 0.0001 2.5 x 1010 0.13

30,0253 ev)® and ggbl.
Do p(0.025360 and g2,

TABLE 6.2. Measured Neutron Yield

Ratios for 24Py Samples and Standards As compared to the neutron-induced fission

rates of 2*?Pu and 241Pu, the spontaneous fission
rates of 2*°Pu and ***Pu were negligible.

e+ (8% [x109]

2%y 1789 + 0.006
235y 1.462 + 0.004 After correction for drift (see Sect. 4.2),
33 1.535 £ 0.010 the average values of € = C/AF are given in
2lpy (1) 1.789 + 0.007 Table 6.2; the indicated error is taken from
Alpy (11) 1.788 + 0.006 Eq. (4.8).

Calculation of the relative fp—values requires correction for #39py
fission. From Eq. (4.14),

77p(241Pu) €n(S) a_*(Z“Pu) f(Z}?pu)

H(B) @ eal ) BEE) ., B9

€n(sS) 5*(2411:;11) €n(239pu) Ep(zs‘apu)
&

en(**'Pu) F*(S) #1Pu)  7,(5)

5
Since 77p(241Pu) is very close to that of 2°Pu, from Eq. (4.28) we
may“tlake =o(EE ) = en(“lPu). The relative fission rate AF(Z”Pu)/
Ap(“*Pu) is derived from the effective cross-section ratio and the atomic
percent (see Table 6.1). For (I), {(***Pu)/f(**'Pu) = 0.218 + 0.004, and
for (II) the ratio is 0.357 * 0.005. Errérs in these ratios have little effect,
since 7 (Z_‘_“}';le) is so close to Up(zsgpu). Up-ratios are given in Table 6.3.
?(Z‘i;ts)ei: S(malljlu) ;‘s very clo§e to_ﬂp(z”Pu), the correction involving f(*3Pu)/
- For averaging V,-values calculated from each standard
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we use Eqs. (4.17) and (4.19), as in Table 6.4. €n(**'Pu), inserted into
Eq. (4.19), yields ¥p(**!Pu) = 2.874 £ 0.015. The quoted error includes
only the statistical error.

TABLE 6.3. ;p-ratios for **'Pu Relative to Standards TABLE 6.4, **'Pu Neutron-
detector Efficiency Averaged
?p(“‘Pu) from All the Standards
p(S)

P €,(**'Pu) Derived

S Sample 1 Sample II Average S from €,(S) [x10*]
BIpu 1.000 * 0.005 0.999 * 0.005 1.000 + 0.004 U 6.226 + 0.033
o | 1.194 + 0.008 1.195 + 0.008 1.195 £'0.006 *%U 6.294 + 0.055
2y 1.146 + 0.011 1.142 £ 0.011 1.144 *+ 0.008 **Pu 6.203 + 0.026

Weighted average 6.220 * 0.021

Results of other measurements on Vp(**!Pu) are listed in Table 6.5.
For each reference, the value of 17p(Z4IPu) has been corrected to the stand-
ard values of Table 4.2.

TABLE 6.5. Summary of Measurements of gp(Z“Pu)

171)(2411;,“) Fp(“lPu)
Reference 17P(239Pu) VP(Z”U) 17p(241}:’u)a Method®

Kalashnikova (1956 )7 1.04 + 0.01 1.24 + 0.01 2.986 + 0.030 Comparison of coincidence
rates. lon chamber and
BF; counters in paraffin.

Sanders (1956)5l 1.055 + 0.050 1.232 + 0.052 3.015 % 0.125 Comparison of coincidence
rates. lon chamber and
BF; counters in paraffin.

Jaffey (1959)zsa 1.006 + 0.024 1.208 + 0.028 2.911 % 0.067 Comparison of neutron

» yields of unknown and

standards.

de Saussure (1959)17 1.053 + 0.018 1.295 + 0.019 3.096 + 0.051 Comparison of coincidence
rates. lon chamber and
Hornyak buttons.

Colvin (1965, 1967)1%13 1.021 +0.012 1.212 +0.011 2.931 £0.027 Comparison of coincidence

rates. lon chamber and
BF; counters in graphite (¥).

Boldeman (1965, 1967)5’63 1.015 + 0.004 1.220 * 0.005 2.931 % 0.010 Comparison of coincidence
rates. lon chamber and
organic scintillator (¥).

Westcott (1965)° 1.031 +0.010 1.224 £0.010 2.954 +0.023 Review.
Fillmore (1968 1.017 +0.003 1.219 +0.004 2.933 +0.007 Review.
Jaffey (1969) 1.000 + 0,004 1.195 +0.006 2.874 +0.015 Present work (*).

2Recalculated using new f)’lz--\/alues60 and g-{actors.”"’l The experiment yielded a V-value; it has

been corrected for delayed neutrons to give Vp.
bExperiments in which variation of neutron-detection e
or allowed for are indicated with (*).

fficiency with neutron spectrum was checked
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622 0 238Dy

The 238Py used in the measurement of V was formed by neutron

irradiation of 23-'Np through the reactions

B 2_) BN _B_—)zsspu_

The interfering 239py,; was also formed through a second-order neutron-
capture reaction, and because its thermal fission cross section far exceeds
that of #8Pu, it was necessary to keep the 239py concentration low. The
relatively high capture cross section of 238py then required that the 23-'Np
be irradiated with a small total flux-time (nvt).

Mass-spectrometric analysis of the #8py sample is shown in
Table 6.6.

TABLE 6.6. Isotopic Composition and Fission Properties of #38py Sample

Specific Activity from Effective Thermal-

Atom Half-life Spontaneous Fission Spontaneous Fission neutron Fission

Percent (yr ) Half-life (yr)*? (ﬁssions/min/pg) Cross Section (b)
8Py 99.663 * 0.003 86 5 x 10'° 0.068 18.3 *+ 0.5%
Z9py  0.310 + 0.003 24,400 - - 783 AL 4i3e
#0py  0.012 * 0.002 6,580 134 % 10 0.025 <0.005%
#lpy <0.0013 14.03% 2 - 1058 + 112
#2py  0.014 + 0.003 379,000 6.5 x 10'° 0.05 0.3

205 (0.0253 eV)* and gp.*2¢!

TABLE 6.7. Measured Neutron From Table 6.6, it is seen that
Yield Ratios for ?*®*Pu Sample and : . P i . i

St o R spontaneous flssmn'was negligible; this wa.s
borne out by experimental measurement with
G* +5(¢*)[x10’] the neutron beam cut off. The values of &*

for the most extensive run are given in

39py 2.093 * 0.006
e Table 6.7.
U 1.699 + 0.005
L L7753 £ 0.005
Wi From Table 6.6, the ratio of ?*?Pu
Sy 2.737 * 0.009

e Pl fission rate to **Pu fission rate in the #**Pu
. = 0.021 samples was 0.1332 * 0.0038. As with the
241py sample, the error in the ratio was un-
important, because the difference between ﬂp(ZSEPu) and 17p(239Pu) is so
small. €(?®*Pu) was taken to be the same as €n(239Pu).

Calculated fp-ratios for the most extensive run are given in
Table 6.8.

For the most extensive run, €n(?‘38Pu)-va1ues calculated from the
four standards are in Table 6.9.



TABLE 6.9. ***Pu Neutron-
detector Efficiency Averaged
from All the Standards for
Most Extensive Run

TABLE 6.8. Tfp-ratios for
238py Relative to Standards
for Most Extensive Run

::,p(zzspu) en(***Pu) Derived
4
s Tp(S) S from €p(S) [x10%]
x #9py 7.257 + 0.028
2Py 1.014 +0.011 Il
235
AT 1.218 £ 0.014 U 7.235 + 0.039
233
23y 1.177 + 0.014 U 7.268 * 0.047
252
le 0.770 * 0.009 cf 7.315 * 0.072

Average 7.270 % 0.025

Then, after correcting for the 239py fission, 17P(Z38Pu) = 2,918 &
0.032 for the most extensive run.

Some shorter runs yielded results of poorer statistical accuracy.
Since the differences from the results of the most extensive run were
within the statistical errors, these runs have been included (see Table 6.10),
to give average 1_’p-ratios and an average value of

fp(mpu) = 1?2 BO5.40.027.

TABLE 6.10. 2*®*Pu gp-ratios and Average fp<values for All the Runs

_l/—,p(ZSEPu) gplZJSPu) —p(ZBBPu) ap(ZJSPu)
Run 7, (%7Pu) 7,(%U) 7,(%U) Tt 75 (% Pu)
1 1.014 £ 0.011 1,218 % 0.014 1A 0R0 14 0.770 + 0.009 2.918 £ 0.032
2 1.034 + 0.024 1.199 £ 0.031 1.168 * OAOZB‘ 0.783 * 0.022 2.928 '+ 0,072
3 0.964 + 0.037 1.154 *+ 0.040 1.106 £ 0.043 0.727 + 0.028 COE Il 0 AL 0]
4 0.977 £ 0.023 1.174 + 0.028 1.139 + 0.027 0.749 £ 0.018 2.822 * 0.067
Weighted

.765 + 0.008 2.895 £ 0.027

[=)

Average: 1.008 *+ 0.011 1.204 £ 0.012 1,166 £ 0.012

6.3. *'Am and **™Am

Pure ?*'Am was extracted from a plutonium sample containing 2l
The plutonium had been previously purified of americium several times,
so the sample history would lead to the conclusion that the 2l Am samples
were probably isotopically pure. This was borne out by the mass-

spectrographic analysis (see Table 6.11).

Neutron irradiation of 241 A ) leads to a metastable excited state as
well as the ground state of 2#2Am. The ground state rapidly decays to 2420
and 22Pu, but the metastable state (#2™MAm) has a relatively long lifetime.
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Because of the high fission cross section of 242MAm and the low capture
cross section to the metastable state, the equilibrium concentration of
242M A1 5 low. The isotopic composition is shown in Table (&1L

TABLE 6.11. Isotopic Composition and Fission Properties of Americium Samples

Specific Activity

tom, Beneent Spontaneous from Spontaneous Effective
A A AR Half-life Fission Fission Thermal Fission
Samples Samples (yr) Half-life (yr)u [ﬁssions/min/}ig] Cross Section (b)
#laom  100.0 97.54 * 0.01 433% 2.3 x 10 1.4x107° 3.1 £ 0.15%
#2pm  <0.0032 1.32 +0.01 1524 9.5 x 10111 0.0035 7300 + 330'°
20 e N 0,001 1.14 + 0.01 7950%! 3.3/ x 102 IFAL0E% <0.05%

24Limit of detection.

The table indicates that the spontaneous-fission activity from
americium isotopes was negligible. However, 242MAm decays to the ground
state which in turn decays to 222Cm, a nuclide with a relatively short half-
life for spontaneous fission. Measurements with the closed shutter indicated
that <0.2% of the fission from the **™Am sample was spontaneous. This
was considered negligible.t

Taking Fp(**'Am) = 7% (*¥*™Am) = 3.2, from (4.51), E(Am}/E[ Tl
1.07. From Fig. 4.1, €n(Am/en(3°U) = 1.026 + 0.007.

C*-values are given in Table 6.12. Relative Up-ratios are in
Table 6.13.

TABLE 6.12. Measured Neutron

Yield Ratios for Americium TABLE 6.13. 7p-ratios for **'Am and
and Standard Samples #2MAm Relative to Standards

Z* £ 5(&*) [x 10] Tp (1 Am) Tp (A m)
39py 1.763 £ 0.006 : %p(5) (8
25y 1.435 + 0.004 =i 1.112 + 0,013 1.127 + 0.008
233y 1.475 * 0.004 =5y 1.332 +0.017 1.351 +0.012
25204 2.284 + 0.020 g 1.210 + 0,007 1.329 +0.011
Miam 1.962 + 0.020 eCi 0.854 +0.013 0.866 * 0.010
AT 1.989 * 0.008

€n(Am)-values calculated from the four standards are given in
Table 6.14. €, is taken as the same for both americium isotopes. Then,

up(“‘Am) = 3.219 £ 0.038,

T B
The effect on the calculation of Vp (242MAm) is even <0.2%, since the correction is of the order of
0.2% x [\;P(242(:m) -GP(242mAm)]_
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and, correcting for #lam fission,t

7p(*¥MAm) = 3.264 *0.024.

TABLE 6.14. Americium Neutron-detector Efficiency
Averaged from All the Standards

€n(Am) Derived from €n(Am) Derived from
= €n(s) [x 10%] S €x(8) [x 10%]
239pu 6.119 * 0.037 ey 6.041 + 0.048
BT 6.117 * 0.047 Lol 6.104 +0.072

Average: 6.095 + 0.0352

2Error corrected for correlations.

Results of other measurements on these two nuclides are listed
§n Table 6.15.

TABLE 6.15. Summary of Measurements of 5P(Z41Am) and 7p(“2mAm)

7p(Am) p(Am) Vp(Am)
Reference L—/p(Z”U) _p(z”U) FP(ZEZC{) 17]_)(Am)a MethodP
2415
Lebedev (1959)*  1.27 £ 0.01 3.057 + 0.026 Comparison of
coincidence rates.
Ion chamber and
BF; counters
in paraffin,
Jaffey (1969) 1.332 + 0,017 1.310 *0.017 0.854 % 0.013 3.219 £0.038 Presentwork ()
242m
i »
Fultz (l‘?f:o())23 1.333 £ 0.066" *"1.276 * 0.051 0.857 + 0.032 B2 0012 Comparison of
coincidence rates.
Spark chamber and
BF; counters in
paraffin (*),
Jaffey (1969) 1235101 0,012 1.329 £ 0.011 0.866 + 0.010 3.264 *+ 0.024 Present work (*).

4Recalculated, using Vp-values in Table 4.2.
bExperiments in which variation of neutron-
or allowed for are indicated with (*).

detection efficiency with neutron spectrum was checked

61 ““Cm

244G, was present in the samples used for measuring 17p(243Cm)
and 17p(245Cm). To correct for the spontaneous fission of & it was
necessary to measure these samples with the beam shutter closed. These
ed with the results (4.20), as in (4.22), yield a value

measurements, combin . B g
f 2**Cm was quite low in the “*Cm samples,

for 7,(***Cm). The fission rate o
so the statistical accuracy of these runs was limited.

T f(241am)/£(242MAm) = 0.031 * 0.002, from Table 6.11.
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For the purpose of using Fig. 4.1, 7P(Z“Cm) was taken as =2.7.
From Eq. (4.31), E(Z“Cm)/}f(zx’U) = 1.026. The calibration curve (see
Fig. 4.1) then gave €,(***Cm)/e(***U) = 1.021 * 0.007.

C*-values are shown in Table 6.16.

TABLE 6.16. Measured Neutron Yield Ratios for 244Cm Samples and Standards
@+ 5@ [x 103

In 283cm Samples In 245cm Samples
Run ] 1 1 v v Vi Vil il
%y 2702 + 0009 2323 + 0007 21030006 1893 £ 0.005 2.609 £ 0.006 1849 +0.006 1.897 £ 0.007 1871  0.016
235y 2.262 + 0,005 1887 + 0,006 1722 + 0,008 1547 + 0,004 2132 + 0.010 1515 + 0.004 1553 £ 0.008 1502 + 0.015
233y 235 + 0,007 1963 £ 0,006 1776 + 0010 1592 0,005 2199 + 0.006 1572 % 0.004 1615+ 0.006 1575 + 0.006
252 3496 + 0,016  3.015 + 0.016
e 2469 + 0,098 2.054 + 0.079 1864 + 0018 1763 + 0.041 2.344 + 0,018 1657 + 0.010 1687 + 0.018 1667 + 0.028
Ratio of [Iission rate,
242Cm) to | fission
rate, 244Cm] (calc)  0.027 + 0.003  0.0053 + 0.0007 00153 + 0.0006

A small correction was made for the spontaneous fission of the
G present in the samples. The relative fission rates, calculated from
data in Tables 6.20 and 6.24 below, are shown in Table 6.16. The correction,
entered as in Eqs. (4.14) and (4.19), involves the value of 17p(242Cm). This
did not have to be known accurately, since the correction was small. Using
the ratio 77p(Z4ZCm)/77p(Z44Cm) = 0.933 * 0.043%% and 77p(244Cm) = 2.69, we
have 7p(***Cm) = 2.51.

Calculated fp—ratios relative to the standards are shown in

Table 6.17.
TABLE 6.17. Up-ratios for 244cm Relative to Standards?
s
B 239y 235 233y 252¢¢

23cm { [ 0.940 + 0.037 1112 + 0.045 1.079 + 0.044 0.734 + 0,029
Samples |1l 0.922 + 0,036 1107 + 0.044 1.074 + 0,042 0.707 £ 0,028
Average 0.931 + 0.026 1.109 + 0,032 1.07 + 0.031 0.720 £ 0,020

i 0.925 + 0.010 1.102 + 0,013 1,078 + 0,014

v 0.972 + 0,022 1.161 + 0,028 1.103 + 0.027

25em v 0.937 + 0,009 1.119 + 0012 1.095 + 0,010

Samples | VI 0.935 + 0,008 1113 + 0,009 1.083 + 0,009

Vil 0.928 + 0.014 1103 £ 0,015 1.072 + 0.013

Vil 0.930 + 0.018 1130 + 0,023 1.087 + 0,020

Average 0.938 + 0.009 1121 + 0.011 1.086 + 0.007

Average of both

kinds of samples 0.937 + 0.008 1.120 + 0,010 1.086 + 0,007 0.720 + 0.020

an the averaging process, estimating the error of the average includes the fact that each ratio contains the
common error in the R-value.

i Then, from Egs. (4.17) and (4.19), we calculate €n(***Cm) and

vp(ZMCm), as in Table 6.18. The averaged value from the two types of
samples is

Up(**Cm) = 2.692 * 0.024.
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TABLE 6.18. Vp(“‘Cm)-values Averaged from All the Standards

s
€n,24Cm) Derived from en(S)

Run 2%, 235y 233y 2520 &, @4cm) [x 104] y24cm)
U { I 9.470 + 0.077 9,595 + 0.073 9.605 + 0.077 9.297 + 0086 9.492 + 0.072 2.706 + 0109
samples | Il 8023 + 0,064 8004 +0064 80160064 8018 £ 0,077 8015 + 0,035 2,661 + 0,104

Average 2.684 £ 0.076

i 7260 £ 0058 7304 £ 0063  7.253 + 0.068 7.273 + 0.045 2,663 + 0033

v 6538 + 0,051 6562 £ 0051 6502 + 0.053 6.534 + 0,030 2.806 + 0.068

Ausem | v 9010+ 0,073  9.044 £ 0079 8981 +0.073 9.012 + 0,044 2.703 + 0.028

samples | VI 6386 + 0052 642 %0052 6420 + 0.0 6.411 + 0,030 2,686 + 0.024

Vil 6551 £ 0,054 6588 0059 659 + 0.054 6.578 + 0.033 2.665 + 0.034

Vil 6462 £ 0073 6371 £0079 6432 + 0.054 6.422 + 0,040 2.697 + 0.050

Average 2,693 + 0.0258
Average of both

kinds of samples 2.692 + 0.024

The error in the average has been adjusted to take into account the fact that in propagation of errors, each individual ﬁp-value contains
the same errors in R and [€n(@%Cm)/en(s)].

The results of other measurements are listed in Table 6.19.

TABLE 6.19. Summary of Up(244Cm) Measurements

Up(244cm) Up44cm) Up@4cm) Up(244cm) Up(@44cm)
Reference Up@33u) Up@B0) Up(@%pu) Vp(22ch) Up@0pu)  Vp@4cmP Method®
Hicks (1955127 0.7407 + 0.055 2.788 + 0.021 Comparison of coincidence
rates. lon chamber and
cadmium-loaded scintillator.
Higgins (1955129 2.60 + 0.11¢  Comparison of activation of

Mn in MnSOg bath. Relative
to calibrated Po-Be sources.

Diven (1956)20d 1.087 + 0.035 1.138 + 0.028 0.922 + 0.031 0.726 + 0.021 1.245 + 0.036  2.700 + 0.057 Comparison of coincidence

[2:69 + 0.087) [2.739 + 0.068] [2.659 + 0.090] [2.732 = 0.078] [2679 + 0.078] rates. Fragment counter and
cadmium-loaded scintillator.
Hicks (19561289 0.743 + 0033 1.258 + 0,047 2.752 + 0,102 As in Ref. 27.
[2.797 + 0.124]  [2.707 £ 0.102]
Crane (195616 0.741 + 0016 1246+ 0.046  2.753  0.055 Comparison of coincidence
[2.789 + 0.062] [2.681 + 0.098] rates. lon chamber and
Lil(Eu) neutron detector.
Bol'shov (1%11)7(1 1.250 + 0.018  2.690 + 0.040 Comparison of coincidence
[2.690 + 0.040] rates. lon chamber and

BF3 counters in paraffin.

Jaffey (1969) 1.086 + 0.007 1.120 + 0.010 0,937 + 0.008 0.720 + 0.020 2.692 + 0,024 Present work (°).

aRecalculated, using Uy-values in Table 4.2 or relative to Up(z“UPu). A L
hExneriments in which variation of neutron detection efficiency with neutron spectrum was checked or allowed for are indicated with ().

CTotal neutron yield measured (V). — o0 .
OThe quantities in [ ] are values of UD(Z“Cm) calculated using standard values of Table 4.2; Vp( Pu) is taken as 2.152 + 0.007, averaged from:

21 ] 0,903 + 0.0074 — U,(240pu) = 2.174 + 0,018
i ——— = 0.903 £ 0. -V u) =2 .
Diven (1961 Up(235U) D
p(240pu) =
Moat (196147 Lo = 0576 £ 0,006 ~ Up(@%u) - 2.168 + 0.024
vp( cf)
U, (%40py) =
-Ni 1 YU Y 5668 + 00037 - Up240pu) = 2.134 £ 0.017
Asplund-Nilsson (1963) 60(252(:') ]
(240 u)
i 12 £ . 0888 + 0,005 — Uy@0pu) = 2.137 £ 0,013
Colvin (1965) ?,,(7750—) ]
Up(240pu)
3 = 2400, -
U T L 0.5693 + 0.0039 - Up?40Pu) = 2.143 £ 0,017
Baron (19677 \70(252cn i
Up(240pu)
ol PUY 5729 + 0,008 - Tp40Pu) = 2156 £ 0.013.

6b o A Bl
Boldeman (1968) % 2520
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6.5. “**Cm

283G can be formed by successive neutron captures and B decays
with #*'!Am as starting material:

+ +n
A S e ﬁ; a2, T 243G,

After the americium and plutonium components are separated from such

an irradiation, the curium fraction contains a mixture of 222Cm and 243Cm,
together with S Ghamy = G amay Eiacel 2%6c . The last three isotopes are formed
through successive neutron captures by #3Cm. Interference from the rela-
tively high concentration of 244Cm is not serious, since the effect of its
spontaneous fission can be corrected. However, the pulse-pileup problem
due to the very intense a activity from the short-lived 22Cm made it diffi-
cult to use a freshly irradiated sample. We were fortunate in being able

to borrow a sample* which had decayed 3% yr after irradiation, with an
attendant 230-fold decrease in the 2Cm component. The mass-spectrometric
analysis of the sample at the time of the 7-measurement is shown in

Table 6.20. Two P-measurements were made about a year apart, and the
mass analysis (II) was actually made at the time of the second measurement.
Compositions at the times of the two P-measurements are shown as I and II;
decay corrections were made from the known half-lives.

TABLE 6.20. Isotopic Composition and Fission Properties of 243Cm Samples

Atom Percent Half-life  Spontaneous Fission SS%zcr:gcnerchsvgssfir:rT Fission Cross
I I (yr)41 Half-life (yr)32 [fissions /min /ug] Sections (b)
282 0.81 + 0,09 0.161 + 0.028 0.446 7.2 x 106 459
43¢ 0.2 + 0.4 409 + 0.4 2 - - 69032
2hcm 58.4 + 0.6 58.3 + 0.6 18.104 (1.346 + 0.006) x 107 2415 + 1.1
25¢m 0.66 + 0.08 0.69 + 0.08 9300 - - 204019
26Cm  0.0052 + 0.0007  0.0054 + 0.0007 5500 1.66 x 107 19

. From Table f_)_.ZO, we note that [fission rate 243Cm]/[fission rate

*Cm] = 20. Since vp(“sCm) is fairly close to ?p(Z“Cm), an adequate
correction can be made even if "17p(245Cm) is not known accurately. For
this correction we use the value UP(MSCm) = 3.80. The fission rate of
#5Cm relative to “*Cm was calculated from the composition and fission
cross sections of Table 6.20. Calculation similarly yielded the relative
fission rates of **Cm and ***Cm. The ratio of the measured fission rates
of ***Cm relative to the total fission rate is given in Table 6.21.

The relations (4.18) or (4.26) may be used here, and give about
the same result. We shall use (4.18) for these data, with the value

* 3 |
We are indebted for the source of this sample to E. K. Hulet, Lawrence Radiation Laboratory, University of
California, Livermore.
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"Jp(z“Cm) = 2.692 + 0.024, from the previous section. Experimental
results are shown in Table 6.21.

TABLE 6.21. Measured Neutron Yield Ratios
for 2**Cm Samples and Standards

@* * s(G*) [x 10°]

Sample L 10t
239py 2.742 * 0.009 2.323 + 0.007
) 2.262 + 0.005 1.887 + 0.006
R 2.352 + 0.007 1.963 + 0.006
ek 3.496 * 0.016 3.015 + 0.016
Cm 3.171 + 0.045 2.661 +0.017
Fission rate, ?**Cm
> + +
e 0.049 * 0.006 0.050 * 0.006
(calculated)
. A 244
Eiestam sate, Cm 0.1804 + 0.0023  0.1648 + 0.0065
Total fission rate
(measured)
. . 242
Fission rate, _Cm 0.0265 * 0.0029 0.0053 + 0.0007

Fission rate, 2#Cm
(calculated)

A For use of Fig. 4.1, 3p(243Cm) S0k taken sl =3 4 SErami BN
E(*Cm)/E(**®U) = 1.074. The curve gives eal®™Em)/e, (BT} = 11025 &
0.007. Similar calculations give €n(Z4ZCm)/€n(235U) = I Ontil, €n(244Cm)/
en(®*U) = 1.021, en(**Cm)/en(***U) = 1.020.

Ratios of gp(Z‘BCm) to the standard values are shown in Table 6.22.

TABIE 6.22. gp-ratios for Cm Relative to Standards

S
239py 2357 2331y 2520 ¢
1 1.199 + 0.027 1.418 + 0.032 1,376 0503 1NN S X002
11 1.182 + 0.023 1.420 % 0.027 1377 & 0.026 00058 £RAS0IE

Average 1.189 % 001851 419 £ 0021 J1.377 = 0.020 0.921 £ 0.014
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= = (243
From Egs. (4.17) and (4.19), we calculate €n(***Cm) and Vp( Cm),
as in Table 6.23. The result, averaged over the two samples, was

Tp(*#Cm) = 3.430 £ 0.047.

TABLE 6.23. Up(43cm)-values Averaged from All the Standards

S

sntz‘qu} Derived from €n(S) [x 104]
239, 235 233 2524 En(243Cm) v p(243(:m)

| 9.508 + 0.077 9.632 + 0.074 9.643 + 0.078 9.328 + 0.084 9.528 + 0.073 3.460 + 0.078
I 8.055 + 0.064 8.036 + 0.064 8.049 + 0.064 8.050 + 0.074 8.048 + 0.032 3.412 + 0.059

Average 3.430 + 0.047

Bi6E = Em

A *Cm sample was formed by a long irradiation (of high nvt) of
239Py in which neutron captures and B decays occurred:

239py, _2> 240p,, i> 24l py _n) 242p, n 243p le= 243 5 0 ni

244p B- 244 n 2450

The 245Cm/?‘“Cm ratio was an equilibrium value and small, because of the
very large difference in total cross sections. I Am derived from **'Pu
B decay also gave rise to some lower-mass curium isotopes as in the

formation of the #**Cm sample (see Sect. 6.5). Higher-mass curium isotopes

were formed through further neutron capture by T,

A mass-spectrographic analysis is shown in Table 6.24.

TABLE 6.24. |sotopic Composition and Fission Properties of 250 Sample

Specific Activity from

Atom Half-life Spontaneous Fission Spontaneous Fission Fission Cross

Percent (yr)41 Half-life (yr)32 [fissions/min/ug] Section (b)
2820 0.76 + 0.03 0. 446 7.2 x 106 459 -
23cm 0,053 + 0.005 2 - = 69032
284cm 96.0 + 0.1 18.104 (1.346 + 0.006) x 107 2415 + 1.1 -
25¢m 1.04 + 0.02 9300 - - 204019
286¢m 210 £ 0.1 5500 1.66 x 107 196 -
287cm 0.024 +0.008 1.6 x 107 - - 10819
288¢m 0.008 + 0.003 4.7 x 10° 4.6 x 100 702 -

A Zanrrections were made for the effects of the interfering isotopes
Cm, Cm, and 24Cm. The fission rate of *4’Cm was, from Table 6.24,
about 0.1% that of ?**Cm and is neglected here.*

*An impurity whose relative fission rate is 0.1% changes the calculatedvp value by <0.1%, because the
correction depends upon the fractional difference in Vp values.



Experimental measurements are shown in Table 6.25. The value
of £(***Cm) depended upon the neutron flux at the time of the run; in eight
experiments, it varied from 0.433 to 0.705. From the table, we see that
[fission rate 2*3Cm]/[fission rate **Cm] = 0.0172 * 0.0017; the **Cm
correction is a small one; however, the correction for 24Cm is much
larger and is considerably more important than in the measurement made
of ‘L_lp(zq'SCm).

TABLE 6.25. Measured Neutron Yield Ratios for 245Cm Sample and Standards

Ratio of Ratio of Ratio of
Fission Fission Fission
[rate, ZMCm] [rate, 243Cm] [rale, 2“ZCm]
to to to
De ) Total Fission Fission
& + @) [x103) [fission ratej| {rale, 245ij| |}ale, 244Cm}
Run 2%y 35y 233y cm (measured) (calc.) (calc.)

| 1.9 + 0.009 1.630 £ 0.018 1.683 +0.013 2,277 + 0.014  0.4333 + 0.0034  0.0172 + 0.0017  0.0153 + 0.0006
1A2 2,103 + 0.006 1.722 + 0.008 1.776 + 0.010  2.424 + 0.026  0.4329 + 0.0013

1B 2.199 + 0.020 0.686 + 0.011 l 1

mn 1.893 + 0.005 1.547 + 0.004 1.592 + 0.005 2.000 + 0.013  0.6900 + 0.0030

v 2.066 + 0.016  1.677 £ 0.018  1.755 + 0.013  2.168 + 0.018  0.6809 + 0.0027

v 2.609 + 0.006 2.132 + 0.010 2.199 + 0.006 2.775 + 0.029  0.6740 + 0.0032

Vi 1.849 + 0.006 1515 +0.004 1.572 +0.004 1.966 + 0.043  0.6708 + 0.0019

vil 1.897 + 0.007 1.553 + 0.008 1.615 + 0.006  2.026 + 0.018  0.5889 + 0.0099

vil 1.871 £ 0.016 1,502 + 0.015 1.575 + 0.006  1.924 +0.015  0.7055 + 0.0028

aThe flux level dropped during the run. (C-values for the standards were not affected, but the relative C-value for the curium
samples did change because of the shift in relative fissions of 245¢m and 244cm. ¥ p-results for both measurements are averaged.

Ratios of 77p(245Cm) to the standard values are shown in Table 6.26.
The €,-values are those used in Sect. (S8}

-
TABLE 6.26. 7 p-ratios for 245Cm Relative to Standards

s
Wi 29y 25, 23
I 1.313 + 0.027 1,570 + 0.041 1539 + 0.037
1 1335 + 0.028 1.585 + 0.032 1559 + 0.033
1l 1.366 + 0.055 1,621 + 0.066 1,614 + 0.065
v 1.328 + 0.064 1.605 + 0.082 1.529 + 0.079
v 1.366 + 0.065 1622 + 0.080 1.604 + 0.077
VI 1361 + 0,081 1.605 + 0.099 1.563 + 0.097
vil 1.283 + 0.093 1.520 + 0.111 1.473 + 0.107
vill 1.288 + 0.072 1.607 + 0.090 1.520 + 0.078
Average 1328 + 0.013 1.591 + 0.016 1,553 + 0.016

€—n(245Cm) and Tp(z“Cm) are calculated as before, with results as
in Table 6.27. The averaged result is

7p(***Cm) = 3.832 £ 0.034.
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TABLE 6.27. Dp(245Cm)-values Averaged from All the Standards

S
€n(245Cm) Derived from €q(S) [x 104]

Run 2%y B35y Z3y £n(45cm) p@5em)

| 6.897 + 0.060 6.907 + 0.091 6.866 + 0.079 6.890 + 0.044 3.793 £ 0.072

I 7.256 + 0.058 7.297 + 0.063 7.245 + 0.057 7.266 + 0.034 3.842 + 0.072

1] 6.532 + 0.051 6.556 + 0.051 6.495 + 0.053 6.528 + 0.030 3.945 + 0.146

v 7.129 + 0.076 7.107 + 0.092 7.160 + 0.076 7.132 + 0.047 3.826 + 0.157

\ 9.002 + 0.070 9.035 + 0.079 8.971 + 0.072 9.003 + 0.043 3.938 + 0.180

7 6.380 + 0.051 6.420 + 0.051 6.413 + 0.051 6.404 + 0.029 3.887 + 0.234

Vil 6.546 + 0.054 6.581 + 0.059 6.588 + 0.055 6.572 + 0.003 3.669 + 0.262

Vil 6.456 + 0.073 6.365 + 0.078 6.425 + 0.054 6.415 + 0.040 3.782 + 0.184
Average 3.832 + 0.034

i )

; . 231
225 was formed by neutron irradiation of “ Pa:

Blp, n 232p, fgi= 23277y

Since a second-order neutron capture yields the highly fissionable gy,
the total irradiation (nvt) was limited to keep such capture low. The

2327 yield per milligram of 21p, was correspondingly low, and this may
explain the presence of 2357 and %*%U, which may have been present in low
concentration in the difficult-to-totally-purify 1Py source material. The
isotopic composition is shown in Table 6.28.

TABLE 6.28. |sotopic Composition and Fission Properties of 22y Sample

Specific Activity from

Atom Half-life Spontaneous Fission Spontaneous Fission Effective Thermal
Percent (yr)‘u Half-life (yr) (fissions/min/ug) Cross Section (b)
232 99.213 + 0.009 72 8 x 1013 4x107 78 + 495
33y 0.195 + 0.004 1.62 x 10° 5259
235y 0.078 + 0.004 7.1 x 108 1.8 x 107 2x10°8 55795
28 0.514 + 0.007 4.51 x 10° 1x 1016 3x 1077 <0.5%2

Experimental results are shown in Table 6.29. We consider the
measurements with this nuclide to be less satisfactory than the previous
measurements, because the neutron detector showed greater tendency to
drift. We used only the data gathered during periods of modest drift, and
there was no external evidence of difficulty during these periods. We have
made no allowance in the error calculation for the possibility of detector
drifts not accounted for. Unfortunately, the **2U measurement could not
be repeated, because of termination of the experiment.



TABLE 6.29. Measured Neutron Yield Ratios
for 22U Sample and Standards
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Sample C* + g(0* ) [x 10°]
2353 1.774 £ 0.008
2337y 1.859 £ 0.013
232(; 2:371 £ 0.042
Fission rate, 235U
+
Fission rate, 232U oS e
(calc)?
S te. 2By
ission rate, 0.0132 + 0.0003

Fission rate, 232U
(callc)™

4R elative fission rates calculated from

Table 6.28.

With a preliminary estimate 17P(Z32U) = 3.l and E(“ZU)/E(ZZ'SU) =
1.060; then from Fig. 4.1, €n(***U)/en(®°U) = 1.026 *+ 0.007. Relative

Bp-ratios are in Table 6.30.

€n(?*?U)-values derived from the two standards are given in

Table 6.31.

TABLE 6.30. ﬂp-ratios
for #**U Relative
to Standards

TABLE 6.31. **U Neutron-
detectidn Efficiency Averaged
from All the Standards

- 232 232 A
U) €, (’“U) Derived from
VE( n
S p(S) S €n(S) [x 10%]
o) 1.308 + 0.026 iy 7.562 * 0.065
ey 1.260 * 0.026 By 7.630 £ 0.078
Average 7,596 = 0.050

Correcting for 2357 and #*U
we obtain

vp(*?U) = 3.130 % 0.060.

fission in the 2**U-sample with Eq. (4.18),
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7. DISCUSSION

Fission theory is not well enough developed to allow prediction of
Vp-values. The fission energy Ep arises from the difference in mass of the
fissioning nucleus and fission fragments, and also from the energy added by
the incoming particle. Most of Ex goes into the kinetic energy Eg of the
fission fragments. The residual excitation energy Ex = Ef - Eg is a rela-
tively small difference between two large numbers. Hence, even when Ep
and EK are predictable, they must be known very accurately for EX to be
known even moderately well. A further complication is that Ex is shared
between neutron and y-ray emission in proportions that are not understood
theoretically, so that EXx = Ep + Ey, but Ep is not predictable even when
EX is known.

In view of the difficulty in calculating 17p from first principles,
another approach has been to use theory only to provide a qualitative guide
for developing interpolation relations. If we assume that the factors govern-
ing the values of EF, Ek, and EV/En vary smoothly with Z and A, we may
form an interpolation formula for Ep with adjustable constants. These
constants may be least-squares fitted through the use of some measured
VUp-values. Theory enters only qualitatively, by suggesting the most suitable
form for such a relation.

Since nuclear masses vary smoothly over the small ranges 90 = Z =
100 and 140 = N = 152, it has been considered reasonable® to take fp for
thermal-neutron fission as approximately a linear function of A and Z, with
a minor correction for odd-even effects.* The coefficients were evaluated
by fitting the linear relation to the experimental values: 2295, 821000
233y, 2.50; #%U, 2.43; 2Py, 2.89; *'Pu, 2.95; **'Am, 3.09. The resulting
equation was then

7p = 0.1894 Z + 0.007 A - 16.60 + 0.09 €. ()

For a target nucleus with odd N and odd Z we have £ = +1; £ = -1 for
even N and even Z; £ = 0 for odd A.

*Our measurements suggest a change in an interpretation derived from the results calculated in Ref. 24.
With Vp(243Cm) calculated from Eq. (7.1), the difference VP(243Cm + 1) -VP(%ACm, spont.) =
0.53 % 0.12 was there estimated. Since the same nucleus was fissioning, the difference was due to the
added neutron binding energy B,. However, from the known B,-value, AVp would be predicted to be
0.86 + 0,08; the difference between 0.53 and 0.86 was interpreted as due to an increase in EK in thermal-
neutron fission relative to spontaneous fission, with AEK = 2.5 + 1.1 MeV. With our measured values
(see Tables 6.18 and 6.23), we find the difference UP(243Cm +n) - VP(244Cm, spont.) = 0.74 * 0,05.
The distinction between this value and the calculated vélue 0.86 * 0.08 is not statistically significant,
so the data are consistent with AEg = 0.
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With the same nuclides, but with values corrected to the standard
Shless in Table 4.2 ["USRNSDS; By, 2,478; *°U, 2.407; *°Pu, 2.884;
24lpy  2.933; 24lam, 3.057], a least-squares fit gave

Fp = 0.1909 z + 0.0088 A - 16.34 + 0.09 L (177)

Our experimental values are compared to values predicted from
Eq. (7.2) in Table 7.1. On the whole, the experimental values agree quali-
tatively with Eq. (7.2), in that 7p changes much more with AZ = 1 than
with AA = 1, and usually AVp is positive for AA > 0. Quantitative agree-
ment is less good, implying that coefficients which fit best in one (z,A)
range may not apply as well when the range is expanded.

TABLE 7.1. Comparison of Experimental vp-values with Semitheoretically Derived Relations@:P

T p, Calc from (Z, A) Expansion v, Calc from Z2IA Expansion
Nuclide (Expt) From Eq. (7.2) From Eg. (7.3) From Eq. (7.4) From Ref. 50b RenormalizedC
2291h 2.080 + 0.020 2.059 (-0.021) 2.604 (-0.015) 1.977 (-0.103) 2.172 (+0.092) 2.156 (+0.076)
232 3.130 + 0.060° 2.359 (-0.771) 2.514 (-0.616) 2.372 (-0.758) 2.380 (-0.750) 2.345 (-0.785)
23y 2.478 + 0.007 2.458 (-0.020) 2.568 (+0.090) 2.463 (-0.014) 2.394 (-0.084) 2.376 (-0.102)
235y 2.407 + 0.005 2.476 (+0.069) 2.495 (+0.088) 2.465 (+0.058) 2.425 (+0.018) 2.407  (0.000)
238py 2.895 + 0.027° 2.776 (-0.119) 2.945 (+0.050) 2.860 (-0.035) 2.874 (-0.021) 2.853 (-0.042)
239y 2.884 + 0.007 2.875 (-0.009) 2.998 (+0.114) 2.951 (+0.067) 2.896 (+0.012) 2.875 (-0.009)
241py 2.874 + 0.015° 2.893 (+0.019) 2.926 (+0.052) 2.953 (+0.079) 2.941 (+0.067) 2.919 (+0.045)
Ul 3.219 + 0.038° 3.075 (-0.144) 3.250 (+0.031) 3.194 (-0.024) 3.181 (-0.038) 3.157 (-0.062)
282mpp 3.264 + 0.024° 3.174 (-0.090) 3.304 (+0.040) 3.285 (+0.021) 3.221 (-0.043) 3.197 (-0.067)
¢ 3.430 + 0.047° 3.274 (-0.156) 3.502 (+0.072) 3.437 (+0.007) 3,501 (+0.071) 3.475 (+0.045)
5¢cm 3.832 + 0.034° 3.292 (-0.540) 3.429 (-0.403) 3.439 (-0.392) 3.524 (-0.308) 3.498 (-0.334)

aNumbers in parentheses are A = ¥ (calc) - Fp (expt).
bMeasurements reported in this paper are indicated with g .
CRenormalized to 7p(23U) - 2.407.

We have recalculated Eq. (7.2) including all the values in Tables 6.5,
6.10, 6.15, 6.23, and 6.27, and in Sect. 6.7, with the result

fp - 0.2881 Z - 0.0363 A - 18.80 + 0.09 2 (@23)
The negative coefficient of A is generated by the large 17p—value of 22U,
If the 22U result is omitted, the least-squares fit gives

T = 0.2422 Z -+ 0.00089 A - 19.95 + 0.09 &. (7.4)

Table 7.1 also compares the experimental measurements with
Eqs. (7.3) and (7.4). The 2325 pesult does not agree with the very small
and positive AA-effect predicted by Egs. (T (T2 o () K‘uzminov
and Smirenkin®® note the possibility that shell effects in the fission frag-
ments may make 77p increase with decreasing A, and suggest this to be the
case for the light uranium isotopes.
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In an alternative empirical system.’a,tization,s’Oa TJP is expressed as a
polynomial in the fissility parameter ZZ/A, through successive least-squares-
fitted polynomial expansions: Tl = (B Ee— g(Et), and E¢ = h(ZZ/A),
with Et = fission threshold energy. Some predicted values are listed in
Table 7.1. On the whole, this is a more successful approach.
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